Unlike healthy adult tissues, cancers produce energy mainly by aerobic glycolysis instead of oxidative phosphorylation 1 . This adaptation, called the Warburg effect, may be a feature of all dividing cells, both normal and cancerous 2 , or it may be specific to cancers 3 . It is not known whether, in a normally growing tissue during development, proliferating and postmitotic cells produce energy in fundamentally different ways. Here we show in the embryonic Xenopus retina in vivo, that dividing progenitor cells depend less on oxidative phosphorylation for ATP production than non-dividing differentiated cells, and instead use glycogen to fuel aerobic glycolysis. The transition from glycolysis to oxidative phosphorylation is connected to the cell differentiation process. Glycolysis is indispensable for progenitor proliferation and biosynthesis, even when it is not used for ATP production. These results suggest that the Warburg effect can be a feature of normal proliferation in vivo, and that the regulation of glycolysis and oxidative phosphorylation is critical for normal development.
Barth's solution (MBS), a salt buffer without nutrients. ATP levels in proliferating explants fell by significantly less than in differentiated explants after NaN 3 treatment ( Fig. 1b and Supplementary Fig. S1b ). Similar results followed inhibition of Complex III with antimycin A or of ATP synthase with oligomycin ( Supplementary Fig. S1c,d ). Differentiated cells might seem more oxidative because they rely more on external nutrients; however, in galactose-containing L15 medium or glucose-containing DMEM, ATP in differentiated but not proliferating explants was still severely depleted after NaN 3 treatment (Fig. 1c) . Therefore, proliferating cells rely less on oxidative phosphorylation for ATP than differentiated cells in vivo or ex vivo, irrespectively of external nutrients. Proliferating cells from freshly explanted retinae consumed less O 2 in oxidative phosphorylation than differentiated cells (Fig. 1d ). Intracellular lactate ( Fig. 1e ) and lactate dehydrogenase (LDH) activity ( Fig. 1f ) in vivo were elevated in proliferating when compared with differentiated cells, suggesting increased glycolysis.
A reduced dependence on oxidative phosphorylation might be peculiar to the embryonic Xenopus retina with its store of intracellular nutrients. To address this question, we looked at the embryonic zebrafish retina, where nutrients are delivered by the circulation. In these animals, differentiated cells in freshly explanted 78 h postfertilization (hpf) retinae lost significantly more of their ATP after NaN 3 treatment than 26 hpf proliferating cells ( Fig. 2a ). We took advantage of the transparency of zebrafish embryos to image in vivo an energy-consuming process, microtubule polymerization, using Eb3-GFP (ref. 6) , which moves with the plus end of polymerizing microtubules. After antimycin A treatment, retinal progenitors kept up Eb3 motion for significantly longer than differentiated neurons (Fig. 2b,c and Supplementary Movie). These results suggest that in the zebrafish retina, as in Xenopus, differentiated cells are more reliant on oxidative phosphorylation when compared with proliferating cells.
Proliferating cells in a stem cell niche might also depend less on oxidative phosphorylation. The frog retina continues to grow through life by the addition of cells from the ciliary margin 7 . Activity of succinate dehydrogenase (SDH), a citric acid cycle and electron transport chain Metabolic differences between progenitors and differentiated cells are also present in the postembryonic retinal stem cell niche, and in the zebrafish retina. (a) ATP levels in freshly explanted zebrafish retinae in L15 after inhibition of oxidative phosphorylation with NaN 3 for 10 min (proliferating, n = 14, P = 0.0002; differentiated, n = 15, P = 4 × 10 −8 ; proliferating-differentiated comparison, P = 8 × 10 −7 ). (b) Eb3-GFP imaging in the zebrafish retina. Each panel is the merged image of two frames 20 s apart, coloured green or magenta, at the indicated time after antimycin A treatment. Dots that moved between frames should be green or magenta. Proliferating cells (left) keep up Eb3-GFP motion for longer than differentiated cells (right). (c) Time taken after antimycin A treatment for the Eb3-GFP motion to stop in differentiated 50-54 hpf retinae (n = 7 movies) and proliferating 22-26 hpf retinae (n = 6). Averages are shown next to individual data points (P = 0.0002). (e) Addition of GPI in the medium while recording from a specific point in the proliferating retinae lowers O 2 concentration (4/4 experiments, decrease ranging from 8 to 73 µM O 2 , depending on the depth sampled from the surface; no decrease observed with control solutions; the momentary upward spike is a response to adding more solution). (f) Inhibition of oxidative phosphorylation with NaN 3 at stage 25 in vivo reduced ATP in the retina to a greater extent in GPI-treated embryos (57% drop, n = 8, P = 0.0004) when compared with controls (33% drop, n = 9, P = 0.005). All error bars show 95% confidence intervals; * 0.001 < P < 0.05; * * P < 0.001. enzyme, often indicates oxidative activity, and is used to distinguish aerobic from glycolytic muscle fibres 8 . SDH activity was lower in the ciliary margin than in the differentiated central retina in vivo ( Fig. 2d-f ), consistent with the idea that dividing cells respire less than differentiated cells even when they are neighbours in the same tissue.
To determine whether proliferating cells produce ATP by glycolysis, stage 25 retinal explants were incubated with 2-deoxy-d-glucose (2DG), which inhibits glycolysis by blocking the ability of hexokinase to phosphorylate glucose to glucose-6-phosphate. 2DG, however, had no effect on ATP in the presence or absence of NaN 3 , or on intracellular lactate ( Supplementary Fig. S1e ,f). We wondered, therefore, whether there was another entry into the glycolytic pathway in these embryonic Xenopus cells, which, for example, have abundant intracellular glycogen 9, 10 . Glycogen is broken down to glucose-1-phosphate, which is converted to glucose-6-phosphate and enters glycolysis, bypassing hexokinase. Incubation of stage 25 retinae with a glycogen phosphorylase inhibitor 11 (GPI) did not affect ATP levels. However, ATP now became sensitive to NaN 3 (Fig. 3a ). GPI-treated proliferating retinal explants used more oxygen in oxidative phosphorylation than controls (Fig. 3b ), and produced less lactate (Fig. 3c ). The addition of extracellular carbohydrate was insufficient to support non-oxidative ATP generation in the presence of GPI ( Supplementary Fig. S1g ). Access to glycogen stores is therefore required for aerobic glycolysis in these proliferating cells, and in its absence, they shift to oxidation of other endogenous substrates 4 . High glycogen levels have been reported in some cancers 12 , and glycogen phosphorylase inhibition can reduce growth in cancer cell lines 13 . In conjunction with upregulated glucose transport, glycogen deposition may therefore also promote glycolysis in some proliferating cells that feed externally, similarly to its proposed function in astrocytes 14 , particularly when the nutrient supply is developing or fluctuating.
Despite the ability of proliferating cells to become facultatively aerobic in explants, we wondered whether they might be obligatorily glycolytic in vivo because of a hypoxic environment compared with differentiated cells, as has been suggested for some adult stem cells 15 . We therefore recorded oxygen concentrations in vivo using an oxygen electrode. Oxygen levels were similar in proliferating and differentiated retinae ( Fig. 3d ). Incubation of embryos with GPI decreased local [O 2 ] in proliferating retinae ( Fig. 3e ), consistent with increased oxygen consumption 16 , and retinae became more dependent on oxidative phosphorylation for ATP ( Fig. 3f ). Therefore, the glycolytic metabolism of progenitors in explants or in vivo is not due to restricted access to oxygen, or to impairment of the respiratory machinery, and is also not due to insufficiency of oxidative phosphorylation to serve energetic demands. Rather, it seems that these cells choose to be glycolytic.
To investigate whether metabolism is regulated by the cellular differentiation program, we forced progenitors to exit the cell cycle prematurely and to differentiate into the first-born retinal neurons, retinal ganglion cells. Xath5GR, an inducible version of the transcription factor Xath5 (ref. 17) , was expressed by injection of RNA in vivo and activated by dexamethasone at the beginning of neurogenesis at stage 25. This led to rapid cell cycle exit and precocious isl1 expression, which marks retinal ganglion cells and other differentiated cells ( Fig. 4a and Supplementary Fig. S2 ). Xath5GRpositive cells sorted from stage 37/8 retinae were more dependent on oxidative phosphorylation for ATP when compared with Xath5GRnegative cells from the same retinae (Fig. 4b,c ). This indicates that the metabolic shift to oxidation can be influenced by the same transcription factors that control cell differentiation.
The metabolic switch after GPI treatment presented the opportunity to investigate the proposed role of the Warburg effect in proliferation in our system. Surprisingly, treatment of stage 25 retinal explants for 5-10 h ( Supplementary Fig. S3a ) with GPI did not affect proliferation, or rates of RNA and protein synthesis (Fig. 4d,e and Supplementary  Fig. S3b,c) . Nor did the proportion of cells that exited the cell cycle and differentiated into isl1-positive cells change after 1 or 2 days of GPI treatment in vivo or in explants ( Fig. 4f-h) . These results suggest that the use of glycolysis for energy production may not be absolutely required for normal proliferation or aspects of differentiation in the progenitors.
As glycolysis through glycogen is not required for proliferation, perhaps cells may use other endogenous nutrients to run glycolysis when glycogen is cut off. We therefore blocked both glycolytic entry points with a combination of GPI and 2DG. Cells maintained their ATP (Fig. 5a ), and lactate did not decrease further than with GPI alone (Fig. 5b) . However, after 8-10 h of this complete block in explants in MBS, the rate of ethynyl deoxyuridine (EdU) incorporation diminished ( Fig. 5c,d ) and cells slowed down or arrested in S phase (Fig. 5e,f and Supplementary Fig. S3d ) without overt changes in the proportion of new G1 cells entering S phase, or the proportion of G2/M cells that remained EdU negative after a short EdU pulse 18 ( Supplementary Fig.  S3e-g) . These results suggest that the rate of S phase is compromised when glycolysis is blocked. We found that progenitors have high levels of RNA synthesis when compared with most differentiated cells (Fig. 5g) , particularly in S/G2 ( Supplementary Fig. S3h ) and blocking glycolysis reduced RNA synthesis in S/G2 phase (Fig. 5h ). Protein synthesis was reduced throughout the cell cycle (Fig. 5i,j) and progenitors went into apoptosis (Fig. 5k ). Therefore, some amount of glycolysis is required for normal rates of proliferation, RNA and protein synthesis and survival of retinal progenitors, even if energy levels can be maintained by oxidative phosphorylation. Previous work found proliferating lymphocytes 19 and thymocytes 20 to be glycolytic, whereas embryonic stem cells showed either increased 21 or decreased oxidative phosphorylation when compared with more differentiated cells 22, 23 . A major limitation of these studies of cultured cells is that metabolism in vitro may depend on the experimentally defined nutrient or oxygen conditions 24 . Our results argue that the Warburg effect can be a feature of physiological cell proliferation in vivo, and that it is connected to the differentiation process. We find that using glycolysis for energy may not be the only way to promote high biosynthesis, and speculate that when forced to turn to oxidative phosphorylation for energy, cells may operate gluconeogenic-glycolytic cycles, starting from their abundant intracellular protein and lipid stores 4 , to sustain high glycolytic rates. Furthermore, carbohydrate from glycosylated protein stores, including mannose, galactose and glucosamine 25 , could be an alternative source for glycolysis. Xenopus retinal progenitors required glycolysis even when they did not use it for energy, indicating that, unlike some other cells, they cannot substitute glycolysis with alternative pathways such as glutaminolysis 26 . In yeast 27 and mammalian cell lines 28 , energy metabolism varies with cell cycle phase, and it will be interesting to examine the connections between energy metabolism and cell cycle progression in development. Previously reported changes in metabolic enzyme expression 29 , reactive oxygen species 30 and other aspects of energy metabolism 31 during differentiation indicate that regulation of the core metabolic strategies we report here is likely to play a role in diverse developmental contexts.
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M E T H O D S
METHODS ATP assays. For in vivo measurements, drugs were added to the embryo medium, retinae were dissected into 1% perchloric acid and ATP was measured using the ATP bioluminescence kit CLS II (Roche). For measurements in explants, retinae were dissected in 1×MBS, L15 or DMEM (Invitrogen) and drugs were immediately added for the duration indicated in the text.
Oxygen consumption. Retinae were dissected in either 1 × MBS or L15 and oxygen consumption was immediately measured using Clark-type oxygen electrodes with fast-responding FEP membranes in respiration chambers (Strathkelvin Instruments). The rate of oxygen consumption due to oxidative phosphorylation was the difference before and after 5 µM antimycin+4 mM NaN 3 treatment. Soluble protein content for normalization was measured using the BCA assay kit (Thermo Scientific).
LDH activity.
Freshly dissected retinae of stage 25-28 and stage 44-45 embryos were sonicated in 0.1 × MBS. Tris buffer (48 mM, pH 7.4), NADH (0.4 mM, Sigma) and sodium pyruvate (0.9 mM, Sigma) were added, and the rate of NADH consumption was measured 32 . Total soluble protein for normalization was extracted using the same procedure.
Lactate assays. Dissected retinae were immediately frozen on dry ice, and intracellular lactate was extracted by sonication in 1 × MBS and measured using a Fluorometric Lactate assay kit (Abcam) in accordance with the manufacturer's instructions. Lactate values were normalized to soluble protein content. For drug tests, fresh retinal explants were incubated at room temperature with 2DG or GPI for 3 h before analysis.
Eb3-GFP imaging. Embryos were injected with Eb3-GFP mRNA (ref. 6) , and grown until 22-26 hpf or 50-54 hpf. Embryos from both stages were mounted on the same dish and imaged simultaneously by spinning-disc confocal microscopy every 20 s. SDH histochemistry. Fresh unfixed cryostat sections were incubated at room temperature for 2 h with 50 mM sodium succinate, 1 mM 1-methoxy phenazine methosulphate, 0.5 mM sodium azide and 1.3 mM nitroblue tetrazolium in 100 mM phosphate buffer (all from Sigma). Oxidation of succinate by the endogenous SDH reduces nitroblue tetrazolium to give a dark cytoplasmic stain. Omission of succinate from the mixture resulted in negligible staining, showing that the staining was due to specific SDH activity (data not shown). The fraction of the retinal area covered by the deposits was measured automatically using CellProfiler 33 .
[O 2 ] measurements in vivo. [O 2 ] was measured using a probe with a tip <10 µm (Unisense), which was calibrated by immersion in N 2 -bubbled water, containing negligible O 2 , and air-equilibrated water, containing 210 µM O 2 (ref. 16 ). Experiments were performed in a chamber containing 1 × MBS and drugs were added directly to the chamber during the recording period. The embryo was immobilised under a harp, with one eye (skin removed) facing upwards. The O 2 probe was lowered directly into the eye in a stepwise fashion, to maximum depths of 200 µm. Stepping deeper in the retina incrementally lowered the recorded [O 2 ] ( Supplementary Fig. S4a ). Adding NaN 3 rapidly increased local [O 2 ], showing that O 2 consumption during respiration is responsible for lowering [O 2 ] inside the embryo ( Supplementary Fig. S4b ).
Xath5GR experiments. Xath5GR mRNA (150 pg) was co-injected with 70 pg of GFP mRNA in the two dorsal blastomeres of the eight-cell-stage blastula, and 4 µg ml −1 dexamethasone was added at stage 25. Freshly dissected retinae were dissociated, cells on ice were sorted on the basis of GFP intensity into GFP+ and GFP− tubes in 1×MBS+0.5% BSA using a MoFlo (Dako), and each tube was split into four microplate wells, for time points t = 0, 5, 10, 20 min in the ATP/NaN 3 assay. For flow cytometric analysis, after in vivo dexamethasone induction at stage 25, retinae were dissected at the indicated stage and dissociated, fixed and stained for isl1. For EdU, explants were incubated for 1 h in EdU before fixation. For staining on sections, EdU was injected in the embryo for 1-2 h, and the embryo was fixed and sectioned.
Flow cytometry, DNA, RNA and protein synthesis assays. The following reagents (Click-iT assay kits, Invitrogen) were used on retinal explants in 1 × MBS, in the time immediately before dissociation and fixation: 0.5 mM EdU (DNA) for 1-2 h, 2-5 mM EU (RNA) for 2-5 h, and 1 mM AHA or HPG (protein) for 2-4 h. Cells were dissociated using trypsin digestion for 10 min, fixed in 2% formaldehyde for 30 min on ice, stained with antibodies (anti-active caspase 3 (1:300, rabbit, BD Biosciences, no. 559565), anti-GFP (1:500, rabbit, Molecular Probes, no. A-11122), anti-isl1 (1:100, mouse 40.2D6, DSHB)) and/or the Click-iT assay kits according to the manufacturer's instructions and with DAPI (1 µg ml −1 ), and analysed on a CyAn-ADP (Dako). Results were analysed using FlowJo (TreeStar). To calculate fold changes in median fluorescent intensity (MFI) in EU or AHA/HPG incorporation, for each experiment the background MFI (when actinomycin D or cycloheximide + anisomycin were used to inhibit RNA and protein synthesis respectively) was deducted from the MFI of the other conditions. For in vivo DNA or RNA synthesis, EdU or EU was injected in embryos 2 h (EdU) or 5 h (EU) before fixation and embryos were fixed, cryosectioned, and slides stained using standard procedures. 
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